Here we theoretically show, by designing and manipulating spatially inhomogeneous, nonuniform conductivity patterns across a single flake of graphene, that this single-atom-layered material can serve as a "one-atom-thick" platform for infrared metamaterials and transformation optical devices. It is known that by varying the chemical potential using gate electric and/or magnetic fields, the graphene conductivity in the THz and IR frequencies can be changed. This versatility provides the possibility that different "patches" on a single flake of graphene possess different conductivities, suggesting a mechanism to construct "single-atom-thick" IR metamaterials and transformation optical structures. Our computer simulation results pave the way for envisioning numerous IR photonic functions and metamaterial concepts-all on a "oneatom-thick" platform-of such we list a few here: edge waveguides, bent ribbon-like paths guiding light, photonic splitters and combiners, "one-atom-thick" IR scattering elements as building blocks for "flatland" metamaterials, thin strips as flatland superlenses, and "one-atomthick" subwavelength IR lenses as tools for Fourier and transformation optics.
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The fields of plasmonics, metal optics, metamaterials and transformation optics (1-7) have received considerable attention in recent years, since they offer a variety of schemes to manipulate electromagnetic fields into desired spatial patterns, suggesting exciting potential applications in various branches of engineering and applied science. Owing to their ability to support the surface-plasmon polariton (SPP) surface waves (8) in the infrared and visible regimes, the noble metals, such as silver and gold, have been popular constituent materials for constructing optical metamaterials (1) . From the macroscopic electromagnetic view point, the plasmonic characteristics are associated with the noble metals permittivity function exhibiting negative real part (8) . However, the difficulty in controlling and varying permittivity functions of the noble metals and the existence of material losses in them-especially at visible wavelengths-degrade the quality of the plasmon resonance and limit the relative propagation lengths of SPP waves along such metal-dielectric interfaces. These drawbacks, therefore, constrain the functionality of some of metamaterials and transformation optical devices. It is, therefore, laudable to search for new suitable materials for these purposes.
In recent years, there has been an explosion of interest in the field of graphene, which has exciting properties in electronic transport (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . An important parameter in describing optical characteristics of graphene is the complex conductivity ,, g g r g i i    , which depends on radian frequency  , charged particle scattering rate  representing loss mechanism, temperature T , and chemical potential c  .The chemical potential depends on the carrier density and can be controlled by a gate voltage, electric field, magnetic field and/or chemical doping (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . One of the interesting properties of graphene is that the imaginary part of its conductivity, i.e., ,
can, under certain conditions, attain negative and positive values in different ranges of 3 frequencies depending on the level of chemical potential (13 
By substituting m  with the equivalent permittivity of the  -thick graphene layer derived above, and letting 0  , we get , which is the dispersion relation of the TM SPP optical surface wave along a graphene layer obtained by several groups (13) (14) (15) (16) the equivalent permittivity for the  -thick graphene layer as described above, the conductivity variation results in variation of equivalent permittivity across the single sheet of graphene. This provides an exciting possibility for tailoring and manipulating infrared SPP waves across the graphene layer. Therefore the graphene can be considered as a single-atom-thick platform for manipulation of IR signals, providing a "flatland" paradigm for IR metamaterials and transformation optics. In the rest of this Letter, we present several scenarios in which the proper choice of IR conductivity spatial patterns across the graphene provides exciting novel possibilities for tailing, manipulating, and scattering IR guided wave signals on the graphene.
These scenarios can be a starting point for having flatland metamaterials and "one-atom-thick" transformation optical devices with exciting functionalities.
To start, consider the numerical simulation of the SPP mode at 30 THz guided by a uniformly biased graphene layer in Fig. 2a . In addition to the uniformly biased scenario, we can also engineer the SPP to reflect and refract on the same sheet of graphene by varying the electric bias spatially. To achieve this goal, one may consider three possible methods: 1) A split gate structure to apply different bias voltages to different gates. This is shown schematically in Fig S2) . It is worth to note that with current nanofabrication techniques, it seems that it is straightforward to achieve deeply subwavelength widths for the graphene region with a different conductivity value.
In does not. Therefore, if a TM SPP is launched in the farther-half section towards the interface of two sections, it reflects back at that "invisible" boundary line on the same graphene. Figure 2b shows the simulation results which do support this phenomenon. In this scenario the incoming and reflected SPPs are combined to form an oblique standing wave. The reflection of SPP at this line resembles the Fresnel reflection of a plane wave from a plana r interface between two media.
Here, however, such reflection occurs along an essentially "one-atom-thick" platform, with a By extending this idea, we propose a setting analogous to a conventional 3D metal-dielectricmetal waveguide, nonetheless on a "one-atom-thick" platform. shown under the graphene in Fig. 3b , is a proposed method to achieve these two different chemical potentials-however, in the numerical simulation, the graphene is assumed to be free Besides the mechanism described above, we can also have "one-atom-thick" scenarios analogous to 3D guided wave propagation in optical fibers with two different dielectric media of different refractive indices as the core and cladding. In other words, the two sections of graphene could be biased to support two TM SPP modes with two distinct effective indexes  is the imaginary part of conductivity of the "background" graphene on which the lens is created. As our simulation results in Fig. 4b reveal, the SPP generated from a "point-like" source is evolved into an approximately "one-atom-thick In conclusion, our theoretical study of IR wave interaction with graphene suggests that the graphene can be used as a low-loss "one-atom-thick" platform for flatland IR metamaterials and transformative optics. The required inhomogeneous, nonuniform patterning of conductivity may be achieved by various techniques such as varying chemical potentials, creating uneven ground plane, fabricating inhomogeneous permittivity of spacer dielectric, applying gate electric or magnetic field, and/or utilizing heated atomic force microscopy technique to reduce oxide of a graphene oxide sheet (21) . This unique platform opens new vistas in nanoscale and microscale photonic information processing and photonic circuitry. 
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We have used commercially available full-wave electromagnetic simulator software, CST Studio
Suite ( 
